The phospholipid fatty acid (PLFA) pattern was analyzed in a forest humus and in an arable soil experimentally polluted with Cd, Cu, Ni, Pb, or Zn at different concentrations. In both soil types, there were gradual changes in the PLFA patterns for the different levels of metal contamination. The changes in the forest soil were similar irrespective of which metal was used, while in the arable soil the changes due to Cu contamination differed from those due to the other metals. Several PLFAs reacted similarly to the metal amendments in the two soil types, while others showed different responses. In both soils, the metal pollution resulted in a decrease in the iso-branched PLFAs i15:0 and i17:0 and in the monounsaturated 16:1w5 and 16:1w7c fatty acids, while increases were found for i16:0, the branched brl7:0 and brl8:0, and the cyclopropane cyl7:0 fatty acids. In the forest soil, the methyl branched PLFAs 1OMel6:0, 1OMel7:0, and 1OMel8:0 increased in metal-polluted soils, indicating an increase in actinomycetes, while in the arable soil a decrease was found for 1OMel6:0 and 1OMel8:0 in response to most metals. The bacterial PLFAs 15:0 and 17:0 increased in all metal-contaminated samples in the arable soil, while they were unaffected in the forest soil.
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Fatty acid 18:2w6, which is considered to be predominantly of fungal origin, increased in the arable soil, except in the Cu-amended samples, in which it decreased instead. Effects on the PLFA patterns were found at levels of metal contamination similar to or lower than those at which effects on ATP content, soil respiration, or total amount of PLFAs had occurred.
Numerous studies have demonstrated the adverse effect of different heavy metals on soil microbial biomass and activity (3, 13, 17, 40) . One of the purposes of these studies has often been to determine at what level of metal contamination an effect on the soil microbiota can be detected. However, it is seldom known whether the observed effects are due to changes in species composition or to reduced physiological capacities of the microbial community. In soil from a field experiment in which plots had been treated with sewage sludge containing different levels of heavy metals, Chander and Brookes (9, 10) found that the conversion of substrate C to biomass C was less efficient in high-metal soils. They suggested that this could be due to differences either in the size of the biomass or in the microbial community structure. In a later experiment, the same authors eliminated the effect of different sizes of the initial biomasses by repeated fumigations but still found a lower conversion of substrate C into biomass in metal-amended soil (11) .
Several studies that used plate count techniques have demonstrated a shift in the composition of fungal species towards a more metal-tolerant community in metal-contaminated soils (2, 24, 45) . There have also been reports of effects on the bacterial community composition, generally showing an increase in gram-negative bacteria in metalcontaminated soils (8, 14) . Investigations which involve the cultivation of microorganisms on agar plates have the drawback that only a minor part of the community is studied, since the majority of soil microorganisms are nonculturable with the techniques known today (7) . It is therefore important to improve the methods used so that as large a proportion of the community as possible can be studied. One way * Corresponding author.
to examine the entire microbial community structure is to analyze the phospholipid fatty acid (PLFA) composition of the soil, since different subsets of a community have different PLFA patterns (39) . It is usually not possible to detect individual strains or species of microorganisms with this method, but changes in the overall composition of the community can be detected instead. This will give more information than methods such as plate counts, since the entire community may respond in a different way to metal stress than the culturable part would.
In environmental studies, PLFA analyses have hitherto mostly been used to describe microbial communities in seawater and lake water and in studies of biofilms and sediments (39) . Only a few investigations have used this approach to detect changes in the community structure due to different environmental disturbances, especially in soil. Smith et al. (36) found a shift towards a more gram-negative bacterial community in a subsurface sediment contaminated with creosote wastes. An increase in gram-negative bacteria, as well as in actinomycetes, due to liming, ash fertilization, and alkaline deposition was indicated by altered PLFA patterns of different coniferous forest soils (4, 20) . Not many investigations have used PLFA profiles as a means to detect changes in the soil microbial community structure caused by metals. Ohya et al. (32) reported on a change in PLFA composition of bacteria isolated from soil after amendment with Zn, but to our knowledge no studies of effects of heavy metals have been carried out with patterns of PLFAs extracted directly from soil.
In the present study, two soil types were contaminated with Cd, Cu, Ni, Pb, or Zn at different concentrations in a long-term laboratory experiment. The PLFA patterns were (-22°C) . The jars were aerated regularly, and the moisture content was adjusted (when needed) to 65% (forest humus) and 6% (sandy loam) H20 g-1 (wet weight) by adding distilled water. After 6 months, the PLFA composition of the different soil samples, as well as the microbial biomass and activity of the soils, was determined.
Lipid extraction and fractionation. All solvents and chemicals used were of analytical grade. Fatty acid standards were obtained from Supelco Inc. (Bellefonte, Pa.) and Larodan Fine Chemicals (Malmo, Sweden). Glassware was washed in Deconex phosphate-free detergent (1SP), rinsed 10 times with tap water, 5 times with distilled water, and 5 times with deionized water, and heated at 400°C overnight.
The extraction procedure followed that described by Frostegard et al. (21) . One sample from each jar was used. Briefly, 1.00-g (wet weight) portions of forest humus or 3.00-g (wet weight) portions of sandy loam were extracted in a one-phase mixture consisting of chloroform, methanol, and citrate buffer (1:2:0.8, vol/vol/vol). After splitting the extracts into two phases by adding chloroform and buffer, the lipid-containing phase was dried under a stream of nitrogen and stored at -20°C. The lipid material was fractionated on columns containing silicic acid into neutral and glyco-and phospholipid-containing polar lipids (21 (34) . The positions of double bonds were determined by analyzing dimethyldisulfide adducts (30) .
Determinations of biomass and activity. The microbial biomass was determined by analysis of the ATP content (1), the totPLFA, and the L-PO4 content after digestion of extracted lipids with persulfate (21) . The respiration of the forest humus was measured by GC at 20°C (31 Table 2 .
The composition of PLFAs differed in the two soil types. The proportion, expressed in moles percent, of several branched and monounsaturated PLFAs was higher in the sandy loam soil than in the forest soil, while the proportion of the polyunsaturated 18:2o6 was higher in the forest soil (Tables 2 and 3 ). The methyl-branched fatty acid brl6:0 (retention time relative to 19:0, 0.699) appeared to be unique to the arable soil and was not detected in the forest soil. Several of the minor unidentified PLFAs (xl to x6) found in the forest soil were not detected, or were found in very low amounts, in the sandy loam soil and were not included in the subsequent data analysis of that soil type.
PLFA patterns in polluted forest soil. The PCA of the forest soil treated with the different metals showed that the PLFA composition of the soils changed after treatment with heavy metals (Fig. 2a to e) . The nonamended controls and samples treated with low doses of metals were found to the left in the plots, and high-dose samples were found to the right. There was a gradual change in PLFA pattern for each level of metal contamination; this could be seen in either the first or the second principal component. Even the lowest-dose samples appeared to differ from the control, although this was not statistically significant (see below). Most of the variation in PLFA patterns was due to the metal contamination and was explained by the first principal component. This component explained 78.1, 66.0, 67.2, 58.9, and 74.4% of the variation in PLFA patterns for samples treated with Cd, Cu, Ni, Pb, and Zn, respectively. The PLFA patterns also separated in the second component, which explained 9.3 to 23.0% of the variation.
The changes in PLFA patterns in the forest soil were similar irrespective of which heavy metal was added. This could be shown by using PLS analysis to maximize the The PLFA changes are exemplified by the PCA loading plot for samples treated with Zn (Fig. 3) . Specific identified PLFAs, including the branched brl7:0 and brl8:0, the methyl-branched 1OMel6:0, 1OMel7:0, and 10Mel8:0, the isobranched i16:0, and the monounsaturated 16:li7t and 19:1b (with unknown double-bond position), as well as the unidentified PLFAs xl, x2, and x5, increased in most cases at high doses of all metals. These PLFAs were found to the right in the plot (Fig. 3) . The cyclopropane fatty acid cyl7:0 also increased in response to all metal treatments except Cu. The monounsaturated PLFAs 16:lX9, 16:lw7c, 16:1w5, and 19: la, as well as the branched i14:0, i15:0, a15:0, and i17:0, all decreased in the metal-amended samples and were thus found to the left in the plot (Fig. 3 ). The largest decrease was found for the unidentified PLFAsx4 andx6 (not shown in the plot). Palmitic acid (16:0) was in all cases found very close to, or on, the origin in the PCA plots, indicating that this PLFA was not affected by metal pollution. In most cases, this was also true for linoleic acid (18:2X6) .
If the ratios between the amounts of PLFAs (in moles percent) in the highest-dose treatment and the controls are calculated, the magnitudes of changes in individual PLFAs due to the amendments of different heavy metals can be compared (Table 2 ). This ratio is subsequently termed the heavy metal effect ratio. One must bear in mind that the toxicity of the highest dose of a certain metal is not necessarily similar to that of the other metals. Thus, the ratios for different metals are not directly comparable. The largest increase in the forest soil treated with heavy metals was found for brl7:0, with ratios up to 4.42. Ratios between 1.3 and 2.5 were found in most cases for xl, i16:0, 16:lo7t, 1OMel6:0, x2, brl8:0, 1OMel7:0, 1OMel8:0, x5, and 20:0. Exceptions were found for the Ni-and Pb-amended samples, in which ratios for l0Mel6:0 (Ni sample) and i16:0 and l0Mel8:0 (Ni and Pb) were between 1.4 and 1.7 in the second-highest-dose treatments (not shown) but then decreased to near control levels in the highest-dose treatments. The greatest decrease was found for the unidentified PLFA x6, which decreased from 3.00 mol% in the controls to almost undetectable levels (ratio, 0.06) in the high-metal treatments. The ratios for i14:0, i15:0, a15:0, 16:1w9, 16: lw7c, 16:1w5, i17:0, x4, and 19:1a were in most cases lower than 0.7 and in several cases lower than 0.5 ( Table 2) .
The amount (moles percent) of some of the PLFAs that changed most in relative abundance in the forest soil amended with Zn was plotted against the levels of contamination ( Fig. 4a and b) . For most of these PLFAs, the increase or decrease in moles percent started at Zn levels around 4 to 8 mmol kg (dw) of soil-', and then there were continuous gradual changes up to 128 or 256 mmol kg-'. However, more sudden changes were found for 16:1w5 (Fig.  4b) , which decreased from 1.5 mol% in the 4-mmol kg-' treatment to 0.6 mol% in the 16-mmol kg-' treatment, and for x6, which decreased from ca. 2.3 mol% in the 16-mmol kg-' treatment to 0.7 mol% in the 64-mmol kg-' treatment (Fig. 4a) . A few PLFAs, e.g., cyl7:0 (Fig. 4a) (Fig. 4b) . Since the total amount of PLFAs changed very little due to the metal contamination (see below), the use of absolute values (nanomoles per gram of soil) would give results similar to the data expressed in moles percent. In the other metal series, the changes in individual PLFAs over the metal gradients were similar to those found for Zn (data not shown). PLFA patterns in polluted arable soil. PCA of the arable soil samples treated with the different metals separated the controls from the metal-treated samples. The control and low-metal samples were found to the left and high-metal samples were found to the right in the scores plots (Fig. 5a to e). The change in PLFA composition due to the metal contamination was mostly shown by the first principal component, which explained 51.1, 48.4, 48.7, 49.4, and 50.5% of the variation in PLFA patterns for the samples treated with Cd, Cu, Ni, Pb, and Zn, respectively. The samples also separated in the second principal component, which explained 20.6 to 30.3% of the variation in PLFA patterns. The lowest-dose treatments generally did not separate the metaltreated samples from the controls, but at higher metal levels there were gradual changes in PLFA patterns.
The changes in PLFA patterns between the different metal treatments was less evident for the arable soil than for the forest soil.
The PLFA changes are exemplified by the PCA loading plot for samples treated with Zn (Fig. 6) . In most cases, 15:0, brl7:0, 17:0, lOMel7:0, and 18:2X6 increased in the highmetal samples (to the right in the plot), while i15:0, 16:1w7c, 16:1X5, lOMel6:0, and i17:0 decreased (to the left). For all metals except Zn, 16:1o7t decreased in the metal-amended treatments. Saturated 16:0 was found on or very close to the origin in the PCA plots for all metals.
The heavy metal effect ratios for individual PLFAs are given in Table 3 . The ratios for 18:2X)6 were between 1.96 and 4.13 in samples polluted with Cd, Ni, Pb, and Zn. Ratios higher than 1 (Table 3 ). The greatest decrease was found for 10Mel7:0 and 10Mel8:0 (Fig. 7) , although the effect was not as strong in the sample with the highest dose of Cu, as seen from the heavy metal effect ratios given in Table 3 . The strongest increase in the Cu-contaminated soil was found for cyl7:0 and brl7:0. These PLFAs also increased in response to other metals (at least in the next highest doses of contamination; see above), but for cyl7:0 the increase due to Cu was more pronounced than that due to the other metals (Table 3 ). PLFAs 16:1X5 and 16:17c increased in response to Cu, while they generally decreased somewhat in the presence of other metals. PLFAs that responded to Cu similarly to other metals were 15:0, 17:0, 18:1X7, and 19:1a, which generally increased in moderately and/or highly contaminated samples, and a15:0, brl6:0, i16:0, i17:0, and a17:0, which generally decreased in metal-treated soil.
Biomass and activity. The microbial biomass at different levels of metal contamination was measured as ATP content, L-PO4 content, and totPLFA in both soil types. The respiration at different metal concentrations was measured only in the forest soil. The values for the metal-contaminated samples were calculated as a percentage of the values in the control samples. In both soil types, the effects of heavy metals, here exemplified by the Cd-amended samples ( Fig.  8a and b) , on totPLFA and L-P04 content were minor even at the highest doses, while there was a decrease in ATP content and respiration due to the metal contamination.
By using the linear part of the respective curves, the ED50 and ED10 in ATP content, respiration, L-PO4 content, and totPLFA could be calculated. In none of the cases did the totPLFA or L-PO4 content decrease below 50% of the control values, and for L-PO4 not even a 10% reduction was found. The ED10 values for ATP, respiration, and totPLFA were compared with the doses at which changes in PLFA patterns were found to be statistically significant (P < 0.05), using SIMCA analysis (Tables 4 and 5 ). In the forest soil, the doses at which changes in PLFA pattern occurred corresponded fairly well to the ED10 values for ATP content, respiration, and totPLFA for each individual metal, with the exception of Zn, for which no decrease in ATP could be detected over the metal range used, and Pb, for which the ED10 values of respiration and totPLFA were higher than the dose at which a change in PLFA pattern was found. In the arable soil, the changes in PLFA pattern were found at the same or lower metal levels than the ED10 values for both ATP content and totPLFA for all metals except Zn.
DISCUSSION
The two soil types used were chosen so that they would be contrasting in pH and organic matter content. The unamended samples of the two soil types also had somewhat different PLFA profiles (Tables 2 and 3 PLFAs found to the right in the plot had increased in the high-metal samples, while PLFAs found to the left were more abundant in the control and low-metal samples. PLFAs x4 and x6 were included in the PCA, but they were excluded from the plot in order to be able to show the positions of the other PLFAs more clearly. x4 and x6 were found to the lower left outside the plot since they almost disappeared in the metal-treated samples. The cross indicates origin of coordinates.
PLFA might represent changes in different organism groups in the two soil types.
A predominance of gram-negative over gram-positive bacteria is often found in metal-contaminated soils (13, 17) . In this study, some evidence for a similar shift was indicated by a decrease in several iso-and anteiso-branched PLFAs, all of which are commonly found in gram-positive bacteria (33) . A further indication that such a shift had also occurred in our study was indicated by the increase in cyl7:0, which is considered to be typical for gram-negative bacteria (41) , in the metal-contaminated samples of both soil types (Fig. 3, 6 , and 7; Tables 2 and 3 ). However, the interpretation must be tentative since, e.g., i16:0 and i16:1 increased because of some metals and 18:1o)7, which is commonly found in gram-negative bacteria (41) , showed variable responses. This indicates that the separation between gram-positive and gram-negative bacteria in soil by PLFA patterns is not straightforward. This was also the case in a study of the effect of liming on the PLFA pattern of soil microorganisms (20) .
Several PLFAs, including the methyl-branched lOMel6:0, lOMel7:0, and lOMel8:0, reacted differently to the metals in the arable soil compared with the forest soil. The tuberculostearic acid lOMel8:0 is found almost exclusively in actinomycetes (25, 28) . lOMel6:0 and lOMel7:0 are also produced by several actinomycete genera (26, 37) . All three lOMe-branched PLFAs increased in the forest soil ( Fig. 3 ; Table 2 ), and the results thus suggest an increase in this group of organisms after metal contamination. The results for the arable soil are more difficult to interpret since not all a, lOMe-branched PLFAs responded similarly, and in some cases they also responded in different ways to different metals ( Fig. 6 and 7 ; Table 3 ). If lOMel8:0 is taken as an indicator of actinomycetes, the results indicated that this group of organisms either decreased or was unaffected in response to metals in the arable soil, while the opposite was found in the forest soil. In a study by Hiroki (23), the degree of tolerance in microorganisms isolated from a fallow paddy field contaminated by Cd, Cu, apd Zn was suggested to be fungi > bacteria > actinomycetes. Jordan and Lechevalier (24) reported that the Zn tolerance in actinomycetes isolated from a forest close to a smelter increased compared with isolates from noncontaminated soil but that actinomycetes were generally less tolerant than bacteria and fungi. Similar observations were made for isolates from lead mine waste, although no indication of increased lead tolerance was found (42) . This is contradictory to a study by Babich (19, 38) . They increased in all metal-contaminated samples in the arable soil ( Fig. 6  and 7 ; Table 3 ), while they were found close to the origin in PC 1 all PCA plots from the forest soil ( Fig. 3; Table 2 ). This suggests that they were unaffected by the metal treatments in the latter soil. 16:1w7t also showed different responses in the two soils. It decreased in response to all metals (except Cu; Fig. 7 ) in the arable soil ( Fig. 6; Table 3 ), while it generally increased in the forest soil following metal amendment ( Fig.  3 ; Table 2 ).
It is generally agreed that fungi are less sensitive to metal pollution than bacteria (13) . In the present study, this would be the case in the arable soil, provided that PLFA 18:2w6 is regarded as a reliable indicator of fungal biomass. This PLFA increased with increasing contamination level for all metals except Cu. The decrease in this PLFA in samples contaminated with Cu could be explained by the fact that Cu is known to be toxic to fungi and is commonly used as a fungicide. In the forest soil, on the other hand, 18:2w6 seemed to be unaffected by the treatments. One explanation might be that 18:2w6 is also found in plant residues, and it has been reported to constitute a dominant fraction of the total fatty acids in Pinus sylvestris L. (35) . The effect of metals on the portion of this PLFA that was derived from fungi might therefore be masked by a large amount of 18:2w6 derived from plant material.
Metal toxicity depends on the physicochemical properties of the soil (12, 15) and is usually stronger in sandy loam soils than in highly organic soils. However, in our study there appeared to be little difference between metal toxicity in the two different soils, despite the difference in organic matter content (compare ED50 values for ATP and respiration for the two soils; Tables 4 and 5 PLFAs found to the right in the plot had increased at high levels of metal contamination, while PLFAs found to the left were more abundant in the control and low-metal samples. The cross indicates origin of coordinates. therein), and it is generally argued that metal toxicity is lower at higher pH. Doelman (13) suggested that, for several processes that follow a sigmoid dose-response relationship to a toxic substance, a retardation of the entire process might be preceded by a qualitative shift in the microbial community. In the present study, the levels found for detectable changes, given as ED10, in ATP content, totPLFA, and respiration were rather similar for each of the metals and also similar to levels at which changes in the PLFA pattern were evident by SIMCA analysis (Tables 4 and 5 ). However, the SIMCA analysis, which was used to investigate the metal levels at which changes in PLFA patterns could be considered statistically significant, was much more rigorous than the calculations to determine at what levels 10% decreases could be found in ATP, respiration, and totPLFA. In the latter case, because of inherent variation, a 10% decrease would be very unlikely to be statistically significant. Also, for changes in the PLFA pattern, no exact dose could be calculated for each metal. Instead, the doses given are the lowest ones used in the experiment at which significant changes in the PLFA pattern could be found. The changes thus actually occurred at a metal level somewhere between the one given in Tables 4 and 5 and the one just below those used in the experiment. Considering this, it is possible that the changes in PLFA patterns occurred at metal levels lower than those which affected ATP content and respiration, and thus our results are not in conflict with the suggestion of Doelman (13) mentioned above. The effects of different heavy metals on the PLFA patterns, ATP content, totPLFA, and respiration of the soils used in the present study were found at concentrations corresponding to the lower levels of the ranges in the studies summarized by Baath (3 L-P04 or as totPLFAs, was less affected by heavy metal contamination than was the ATP content ( Fig. 8a and b) .
Earlier results from different uncontaminated soils indicated a linear relationship between the ATP and L-P04 content in soil (21 (Tables 4 and 5 ). This could also be done with separate PLFAs. However, only one PLFA, namely, x6, decreased in abundance by more than 50%, and many PLFAs increased (Table 2) . Furthermore, using just one PLFA at a time would increase random variation, decreasing the precision in the estimated ED50 value. Since the effects of the metals were similar in the forest soil, one way of overcoming this problem would be to use PLS analysis (29) to regress the PLFA pattern by a single metal. By using Zn and a PLS model with one component, a linear relationship between added and predicted metal concentrations was found (r2 = 0.991) (Fig. 9) shown). For Ni, the correlation was less good (r2 = 0.827), while for Pb the slope of the regression differed from that of the other metals. This might be due to Pb affecting the PLFA pattern slightly differently than the other metals did, although this was not evident from the PCA. Nevertheless, an addition of 32 mmol of Zn could be calculated to be equivalent to 13 mmol of Ni or 55 mmol of Pb. Thus, the toxicity of the different metals towards the PLFA pattern decreased in the order Cd = Ni > Zn = Cu > Pb. This hierarchy of toxicity is normally found (see reference 3). Similar results were found when PLS models for metals other than Zn were used, although the lower toxicity of Pb was less evident, especially when the PLS model used was from Pb-contaminated soils.
In the arable soil, the use of PLS regression was less straightforward, since the different metals affected the PLFA patterns differently than in the forest soil (calculations not shown). However, the overall picture indicated that Cd was the most toxic metal. This was also seen for the ATP measurements (Table 5) .
It is well-known that metal treatments affect the pH of soils. In a study of the combined effects of storage and heavy metals on the PLFA patterns (22) , using the same soils as in the present investigation, the pH was measured after 2 years. In the arable soil, the highest levels of metal addition decreased pH (H20) by 0.4 (Ni), 0.6 (Cu and Zn), and 1.3 (Ni and Pb) units. In the forest soil, the pH decreased somewhat more. For the two highest levels of metal addition, the pHs compared with that of the controls decreased 1.0 and 1.2 (Cd), 1.4 and 1.6 (Cu), 1.1 and 1.3 (Ni), 1.3 and 1.9 (Pb), and 1.4 and 1.5 (Zn) units. However, at the levels at which changes in PLFA patterns were found (Tables 4 and 5 ), the pH decrease was never more than 0.2 units, and for Ni and Pb, the pH at those levels of metal amendment was the same as that for the controls. Nevertheless, pH is a confounding factor in elucidation of the effects of heavy metals.
Although the effects of metals on the PLFA pattern were generally similar, some PLFAs responded differently in the two soil types. Different metals could also affect a certain soil in different ways, exemplified by Cu in the arable soil. It is thus difficult to investigate metal-derived changes in a soil without knowing how that specific soil reacts to metal pollution. Therefore, laboratory experiments on soils with heavy metals must be regarded as a prerequisite to field studies. Furthermore, it was difficult to elucidate changes in large groups such as gram-positive and gram-negative bacteria, since several PLFAs specific for one group were affected differently by the heavy metal pollution. However, the analyses of PLFA patterns in soils still indicated changes in the microbial community, changes that could be quantified and compared, e.g., between different heavy metals by using multivariate statistics.
